Introduction
Eagle Lake, in northeastern California ( fig. 1 ), is one of 14 sites identified for potential future volcanism in the state (Stovall and others, 2014) . Miller (1989) suggested that four younglooking volcanic vents and their lava flows at Eagle Lake (one at Penitentiary Flat, one at Brockman Flat, and two on Ice Cave Ridge) were Holocene in age. Subsequent geologic mapping by Grose and others (2008, 2014) reinterpreted all of these young vents and lava flows to be late Pleistocene in age. Precise ages for these lava flows have not been previously determined, leaving open the possibility that they could be Holocene. Knowledge of the age of these volcanic units is important for planning a monitoring schedule for the Eagle Lake volcanic area and deployment of monitoring resources by the California Volcano Observatory. In this report we describe these vents and lava flows, and document their stratigraphy and age using geologic mapping, paleomagnetic directional data, and 40 Ar/ 39 Ar radiometric dating.
Figure 1.
Map showing the location of Eagle Lake in northeastern California (adapted from figure 1 of Muffler and Clynne, 2015) . Box around Eagle Lake depicts the area of figure 2.
General Geology of the Eagle Lake Area
Volcanic rocks in the Eagle Lake area are dominated by Pliocene and older arc-related lavas and pyroclastic deposits ( fig. 2) (Grose, 2000; Grose and others, 2008, 2014) . These older volcanic rocks are part of the ancestral Cascade arc that has since migrated westward to its present position (Guffanti and others, 1990; Clynne and Muffler, 2010) . The most recent volcanism is associated with Basin and Range tectonics and is not part of the active Cascade arc. The young volcanic vents discussed herein are all located along fault traces.
The Eagle Lake area sits along an extension of the eastern Sierra Nevada frontal fault system-a strand of the Walker Lane belt (Faulds and Henry, 2008 )-in particular an extension of the Honey Lake Fault, as well as older Basin and Range faulting that cuts most of the Pliocene and older volcanic units (Grose, 2000) . The Eagle Lake depression is an irregular, elongate, approximately 8-15 × 22 km transtensional basin created by a combination of normal and rightlateral faulting within the Walker Lane belt (Grose, 2000) . Grose (2000) suggested that formation of this lake basin occurred during an episode of faulting in the late Pleistocene, but its precise age remains undetermined. Most of the strongly faulted volcanic units are older than 3 Ma (Grose and others, 2008, 2014) . At least part of the lake basin postdates eruption of the basaltic andesite of Black Mountain, dated at 170±70 ka (Grose and McKee, 1986) , which forms part of its southeast boundary. Two of the three youngest volcanic units at Eagle Lake partly fill the lake basin.
Previous Map Depiction of the Young Basalts at Eagle Lake
A number of geologists have conducted studies within the Eagle Lake area, but only the most recent ones are mentioned here. T.L.T. Grose, his students, and colleagues mapped much of the area between 1980 and 2000. That work was compiled into a 1:100,000 scale map and published by the California Geological Survey (Grose and others, 2008, 2014) . Grose (2000) also published a summary of this work. Grose and McKee (1986) presented geochronologic data from the area.
Based on our subsequent work, the Grose and others (2008) geologic map depiction of the young basalts at Eagle Lake contains significant inaccuracies. The authors use the unit names basalt of Brockman Flat (Qbb) and older basalt of Brockman Flat (Qbbo), and the vent areas are mapped as a separate unit called volcanic centers (vc and Qbbv). They show three vent locations for the basalt of Brockman Flat. The first, an alignment of vents along the west side of the Eagle Lake basin is correct, with all of the basalt of Brockman Flat now known to be erupted from these vents. The second, an alignment of scoria cones on Ice Cave Ridge and lava flows on the southeast flank of Cave Mountain is incorrect. No part of the basalt of Brockman Flat erupted from vents located on Ice Cave Ridge. The third, a fissure vent (Qbbv) on the east side of Eagle Lake located on the north flank of Black Mountain is said by Grose and others (2014) to be a "local eruptive source" for the basalt of Brockman Flat. No part of the basalt of Brockman Flat erupted from this area either. Grose and others (2008) correctly identified a vent for the older basalt of Brockman Flat (Qbbo) on Ice Cave Ridge, but incorrectly show the lava flow from that vent overlying the basalt of Brockman Flat (Qbb). They correctly show a lava flow of the older basalt of Brockman Flat (Qbbo) going down the ridge to Pine Creek (the southwest flow described herein). The basalt of Penitentiary Flat is shown as older basalt of Brockman Flat (Qbbo), and is correctly depicted. We present a revised depiction of the stratigraphy and locations of the young basaltic units at Eagle Lake. Our updated mapping is shown in figure 2 ; we have chosen to emphasize the Eagle Lake basalt lava flows and their ages and do not show faults on the map. 
Unit Descriptions
The stratigraphy, petrography, and composition of the three youngest Eagle Lake basalt units are presented in this section. We use the following names to designate these units: (1) basalt of Penitentiary Flat (unit bpf), which is equivalent to the flow of the older basalts of Brockman Flat (unit Qbbo of Grose and others, 2008) at Penitentiary Flat; (2) basalt of Ice Cave Ridge (units bicn and bics), which is equivalent to parts of the older basalts of Brockman Flat (unit Qbbo) and the basalt of Brockman Flat (unit Qbb) of Grose and others (2008) ; and (3) basalt of Brockman Flat (unit bbf), which is equivalent to part of basalt of Brockman Flat (unit Qbb) as mapped by Grose and others (2008) . We include scoria cones and vent areas as part of their associated lava flows and thus do not use the separate units (vc and Qbbv) of Grose and others (2008) . The vents and area covered by these basalt units are shown in figure 2. Chemical analyses of the three basalt units are shown in table 1. Major element analyses for LC85-LC88 samples performed at USGS Analytical Labs-Denver, Colo., by standard wavelength dispersive x-ray spectrographic methods by analysts David F. Siems and Joseph E. Taggert Jr.; trace elements by energy dispersive x-ray spectroscopy at Menlo Park, Calif., by analyst Peggy Bruggman. For details of sample preparation, analytical procedure, and precision see Clynne and others (2008) . Major and trace element analyses for LC15 samples performed at GeoAnalytical Laboratory at Washington State University by standard WDXRF methods. For details of analytical procedure and precision see Johnson and others (1999) .
Analyses recalculated to 100 percent anhydrous with Fe 2 O 3 = 0.15x total Fe as Fe 2 O 3 . Total shown is the analytical total prior to recalculation.
Basalt of Penitentiary Flat (unit bpf)
The basalt of Penitentiary Flat is a ~5-m-thick, 3-km-long lava flow and scoria cone. The unit was previously mapped by Grose and others (2008) as part of the older basalt of Brockman Flat (unit Qbbo). The vent lies along a normal fault cutting the older volcanic rocks, but is not itself, faulted. It has an 'a'ā upper surface with considerable relief. Most of the lava flow is covered with young alluvium derived from the surrounding fault scarps and eolian deposits.
The basalt of Penitentiary Flat is porphyritic olivine basalt containing 8-10 percent olivine and 3-4 percent plagioclase phenocrysts. Olivine phenocrysts are euhedral to subhedral and 0.5-3 millimeters (mm)-mostly 0.5-1 mm-with broad unzoned cores and thin, more ironrich rims. Some of the larger olivines are embayed, and most contain sparse to abundant inclusions of opaque to dark greenish-brown chromian spinel. Euhedral microphenocrysts of augite are small (as long as ~0.1 mm) and sparse. Euhedral, tabular, calcic plagioclase phenocrysts are mostly <0.5 mm but as long as 1 mm, and they are typically sparsely twinned and weakly zoned. Glomeroporphyritic clots of olivine and plagioclase are sparse and small (generally 1-2 mm). The basalt of Penitentiary Flat has a nearly holocrystalline, pilotaxitic groundmass of plagioclase, pyroxene, olivine and iron-titanium oxide.
Basalt of Ice Cave Ridge (units bicn, bics)
The basalt of Ice Cave Ridge erupted from a 2-km-long alignment of vents that formed four small scoria cones on Ice Cave Ridge ( fig. 2 ). The vents are aligned along a buried normal fault (Grose and others, 2008) . Lava flowed down the slope into the Eagle Lake basin, where it is overlain by lake sediments of two different ages (Grose and others, 2008) . Lava flows from the northern two vents (unit bicn) flowed east and southwest. The eastern flow reached at least to the present shore of Eagle Lake and the southwest flow went down the ridge and over the fault scarp into Pine Creek, where it is probably covered by the basalt of Brockman Flat. These flows cover at least 12 square kilometers (km 2 ). The basaltic lava erupted from the southern two vents (unit bics) overlies lava extruded from the northern vents and covers about 6 km 2 on the south and east flanks of Ice Cave Ridge. Ice Cave Ridge lava flows have an 'a'ā upper surface. Faults with small offsets cut the lava flows, especially in Pine Creek. The basalt of Ice Cave Ridge is overlain by the basalt of Brockman Flat. Lavas from the north and south vents have subtly different compositions, primarily in the abundances of incompatible major and trace elements (table 1) .
The basalt of Ice Cave Ridge is a sparsely porphyritic olivine basalt containing 3-4 percent olivine and 8-10 percent plagioclase phenocrysts. Lavas from the north and south vents are petrographically similar, although glomeroporphyritic clots tend to be larger and perhaps more abundant in the lava flow from the north vents. Olivine phenocrysts are euhedral to subhedral, and 0.25-1.5 mm (mostly 0.5-1 mm) with broad unzoned cores and thin more ironrich rims. A few of the larger olivines contain sparse to abundant inclusions of opaque to darkgreenish-brown chromian spinel. Euhedral, tabular, calcic plagioclase phenocrysts are 0.25-1.5 mm (mostly 0.5-1 mm); larger phenocrysts as long as 5 mm are rare. Typically, these plagioclase phenocrysts are sparsely twinned and have broad unzoned cores and thin sodic rims, but some plagioclase show weak oscillatory zoning. Plagioclase phenocrysts with finely sieved cores and overgrowth rims are rare. A large proportion of the phenocrysts are in glomeroporphyritic clots of unzoned plagioclase and olivine as long as 5 mm, with a few as long as 1 centimeter (cm). Some clots contain sparse interstitial 0.5-1 mm augite. Some of the plagioclase in these clots has abundant or bent twins suggesting deformation as a result of slight compaction. This basalt has a nearly holocrystalline, pilotaxitic groundmass of plagioclase, pyroxene, olivine and iron-titanium oxide.
Basalt of Brockman Flat (unit bbf)
The basalt of Brockman Flat erupted from a north-south oriented 3-km-long fissure vent along a fault that forms the west boundary of the Eagle Lake basin. This eruption built a spatter rampart, and lava was transported in tubes to the north, south, and east, creating an approximately 63-km 2 flow field. The lava flowed across the Eagle Lake basin, and small areas crop out on the east side of Eagle Lake and in the headwaters of Willow Creek. The sublacustrine extent of this lava flow is unknown. The lava flow has a weak pāhoehoe surface and is covered with small collapse features and tumuli. This lava flow is overlain by lacustrine sediments along the west shore of Eagle Lake, interpreted by Grose and others (2008) to be Pleistocene and Holocene. Several faults with small offsets cut the lava flow west of Eagle Lake. The composition of the basalt in the spatter rampart is relatively enriched in incompatible elements and phenocrysts compared to the main part of the lava flow (table 1), a characteristic often seen in low-potassium olivine tholeiites (LKOT) in northern California (for example, Turrin and others, 2007) .
The basalt of Brockman Flat is a nearly aphyric olivine basalt. It contains very sparse phenocrysts of olivine and plagioclase (olivine > plagioclase). Euhedral olivines (<1 percent) are 0.25-0.75 mm (mostly <0.5 mm) with broad unzoned cores and thin more iron-rich rims. Larger olivines that reach as much as 2 mm are rare and contain sparse inclusions of opaque to dark greenish-brown chromian spinel. Euhedral, calcic plagioclase phenocrysts are very sparse (<<1 percent), 0.5-1.5 mm (mostly about 0.5 mm) and are unzoned with thin sodic rims. Small glomeroporphyritic clots of olivine and plagioclase are rare. The groundmass is a nearly holocrystalline arrangement of plagioclase, pyroxene, olivine and iron-titanium oxide in a coarsely diktytaxitic texture (the average size of plagioclase in the groundmass is about 0.35-0.5 mm). The texture of lava in the spatter rampart contrasts with that of the lava flow. Lava composing the spatter rampart is mostly remobilized spatter and contains as much as ~10 percent phenocrysts of olivine and plagioclase (olivine > plagioclase). Olivines are 0.5-2 mm, but mostly 0.5-1 mm. Many of the larger olivines contain sparse to abundant inclusions of darkgreenish-brown chromian spinel. The calcic plagioclase phenocrysts are tabular, 0.5-3 mm (mostly <1.5 mm), weakly twinned, and unzoned with thin sodic rims. Many of the phenocrysts are present in small glomeroporphyritic clots. The groundmass is a nearly holocrystalline arrangement of plagioclase, pyroxene, olivine and iron-titanium oxide with a fine-grained, weakly diktytaxitic texture (average size of the plagioclase in the groundmass is ~0.1 mm).
Paleomagnetic Secular Variation
Studies of paleomagnetic secular variation were carried out on the Eagle Lake basalts described above to determine whether they fall into discrete temporal groups, and if so, to provide correlations independent of the field and chemical data sets. Discriminating such temporal groups is difficult to achieve by the 40 Ar/ 39 Ar method as a result of uncertainties on the order of thousands of years.
Obtaining accurate paleomagnetic directions from uneroded, unglaciated lava flows at Eagle Lake was straightforward, and the sample sets are of high quality. Sample sites were restricted to creek bottoms and road cuts. Paleomagnetic samples were collected, processed and interpreted using the methods described in McElhinny (1973) . Samples were taken in the field using a handheld, gasoline-powered, 2.5 cm coring drill and oriented using a sun compass. Eight, 10-cm-long samples were taken at each site. The 2.5-cm-long specimens were measured using an automated cryogenic magnetometer and subjected to alternating-field (AF) demagnetization to remove secondary components of magnetization. An isothermal component from nearby lightning strikes was a rare, but the most frequent, source of secondary magnetization in these young, volcanic rock units. The characteristic direction of remanent magnetization for each site was calculated using Fisher statistics from line fits of data on equal-area diagrams.
Site mean directions of magnetization for the basalt of Penitentiary Flat, basalt of Ice Cave Ridge, and basalt of Brockman Flat are presented in table 2 and are illustrated in figure 3 for each lava flow as part of an equal-area projection (lower hemisphere) showing mean directions and ovals of 95 percent confidence (α95). 
Ar/ 39 Ar Results
Samples were analyzed using the 40 Ar/ 39 Ar incremental heating technique. Details of the analytical techniques are presented in appendix 1. The incremental heating data and associated 1σ errors are plotted in figure 4, both as age spectrum diagrams and as isotope-correlation (isochron) diagrams. Details of the stepwise heating experiments are given in appendix 2. For the age spectra, apparent ages are calculated assuming that nonradiogenic argon is atmospheric in composition ( 40 Ar/ 36 Ar = 298.56, following mass discrimination correction [Lee and others, 2006] ), and values are plotted against the cumulative 39 Ar released during the experiment. In cases with at least three contiguous steps yielding ages within analytical error, we calculated and report plateau ages by weighing individual ages by the inverse of their analytical error.
Application of the 40 Ar/ 39 Ar techniques to the basalts of Eagle Lake yielded reliable ages that agree with stratigraphic order (table 3). The basalt of Penitentiary Flat yielded a plateau age of 130.0±5.1 ka, the basalt of Ice Cave Ridge from the south vents yielded a plateau age of 127.5±3.2 ka, and the basalt of Brockman Flat yielded a plateau age of 123.6±18.7 ka. Their isochrons, 40 Ar/ 36 Ar intercepts, and total gas ages are consistent with the plateau ages. Considering their uncertainties, all three of these ages are statistically indistinguishable. See table 3 for summary data and appendix 2 for detailed step-heating data. Cl/K, ratio of chlorine to potassium; K/Ca, ratio of calcium to potassium; %, percent; ka, kiloannums or thousands of years; WMPA, weighted mean plateau age; MSWD, mean square of the weighted deviates; 40 Ar/ 36 Ari, 40 Ar/ 36 Ar intercept at 0 39 Ar/ 36 Ar; 2s, 2 sigma. See figure 2 and table 1 for sample locations. Samples irradiated at U.S. Geological Survey TRIGA reactor using 9.797 Ma Bodie Hills sanidine as a neutron flux monitor, calibrated to GA1550. Sample LC15-2591 is from basalt of Ice Cave Ridge from the south vents. See figure 2 and table 1 for sample locations.
Discussion
The basalt of Penitentiary Flat and the basalt of Ice Cave Ridge are petrographically similar olivine basalts. However, the basalt of Penitentiary Flat contains more abundant olivine and less abundant plagioclase phenocrysts, and lacks the abundant glomeroporphyritic clots identified within the basalt of Ice Cave Ridge. In addition, they are not in contact and their stratigraphic relation is unclear. The basalt of Brockman Flat overlies the basalt of Ice Cave Ridge, and is a tholeiitic, olivine basalt (often referred to as a low-potassium olivine tholeiite) with a diktytaxitic groundmass texture.
The combination of paleomagnetic, 40 Ar/ 39 Ar, compositional, and petrographic data allows significant constraints to be placed on the age of the youngest Eagle Lake basalts. The basalt of Ice Cave Ridge, although erupted from two different sets of vents and with a slightly variable composition, represents a single eruption or two closely spaced eruptions at 127.5±3.2 ka. The similar paleomagnetic direction and composition of the basalt of Penitentiary Flat suggests that it is essentially the same age as the basalt of Ice Cave Ridge. Its simpler petrography suggests that it might have predated the basalt of Ice Cave Ridge, but not by more than a few decades.
Despite their petrographic differences, the basalt of Penitentiary Flat and the basalt of Ice Cave Ridge are compositionally similar and could be related to a similar magma batch (table 1) by fractionation. However, the compositional and petrographic differences between the basalt of Ice Cave Ridge and the basalt of Brockman Flat require them to be different magma batches (table 1) . Although they have 40 Ar/ 39 Ar ages that are within uncertainty, their very different paleomagnetic directions require that they be significantly different in age, by at least several centuries and perhaps as much as several millennia, which is consistent with the 40 Ar/ 39 Ar ages. The three young volcanic events at Eagle Lake all probably occurred within a span of, at most, a few millennia. The faulting that created the Eagle Lake basin is young (Grose, 2000) , and the vent locations for the young basalts are clearly related to the lake basin boundary faults. However, only very minor movement on the basin-bounding faults has occurred since eruption of the young basalts. Thus, the faulting is mostly older than about 130 ka, but clearly younger than the basaltic andesite of Black Mountain, which erupted at 170±70 ka (Grose and McKee, 1986) .
Conclusions
The three youngest volcanic events at Eagle Lake represent an episode of volcanism at about 130-125 ka that lasted long enough for the basalt of Ice Cave Ridge and the basalt of Brockman Flat to have significantly different paleomagnetic directions. Although we cannot at present precisely determine the temporal extent of this episode, it is clear that it is not Holocene in age and is unlikely to have spanned more than a few thousand years. There have been no subsequent volcanic eruptions at Eagle Lake and only minor faulting since these young basalts were extruded. Thus, the short term potential for subsequent volcanism at Eagle Lake is considered low.
Appendix 1. 40 Ar/ 39 Ar Analytical Techniques
The 40 Ar/ 39 Ar geochronology was performed using crystalline groundmass that was segregated by crushing, sieving, heavy liquid, and magnetic techniques. Samples were carefully handpicked under a binocular microscope. For irradiation, ~200 milligrams (mg) of separates were packaged in copper foil and placed in a cylindrical quartz vial, together with fluence monitors of known age and potassium-glass and fluorite to measure interfering isotopes from potassium and calcium. The quartz vials were wrapped in 0.5 millimeter (mm)-thick cadmium foil to shield samples from thermal neutrons during irradiation. The samples were irradiated for one hour in the central thimble of the U.S. Geological Survey TRIGA reactor in Denver, Colo. (Dalrymple and others, 1981) . The reactor vessel was rotated continuously during irradiation to avoid lateral neutron flux gradients and oscillated vertically to minimize vertical gradients. Reactor constants determined for these irradiations were indistinguishable from recent irradiations, and a weighted mean of constants obtained over the past five years yields 40 (Fleck and Calvert, 2016 ) was used as a fluence monitor with an age of 9.797 Ma. Bodie Hills sanidine is a secondary standard calibrated against the primary intralaboratory standard, GA1550 biotite, that has an age of 98.79±0.96 Ma (McDougall and Wellman, 2011) . Fluence monitors and unknowns were analyzed using a continuous CO 2 laser system and mass spectrometer described by Dalrymple (1989) . Gas was purified continuously during extraction using two SAES ST-175 getters operated at 4 amperes and 0 amperes.
Mass spectrometer discrimination and system blanks are important factors in the precision and accuracy of 40 Ar/ 39 Ar age determinations of Pleistocene samples because of low radiogenic yields. Discrimination is monitored by analyzing splits of atmospheric argon from a reservoir attached to the extraction line and for these samples D 1amu = 1.010795 ± 0.000169. Typical system blanks including mass spectrometer backgrounds were 1. 
